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Abnormal orderly transformation in supercooled state of an Al-based alloy
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To understand the underlying mechanism behind the precipitation of high-density face-centered cubic Al

nanoparticles during the annealing or preparation of Al-based metallic glass, we used molecular dynamics
simulation technique to study the atomic structure evolution of Al-rich and Al-depleted melts in the Al-Zr binary
system under rapid cooling conditions. From the quantitative characterization of thermodynamic properties,
kinetic properties, and atomic structure, we found that an abnormal orderly transformation occurs in the super-

cooled liquid of Al-rich alloy, which includes two basic stages, namely, directional diffusion and stabilization
of defect clusters. The thermodynamic essence of this transformation is to reduce the Gibbs free energy of
the entire system by improve the cluster packing efficiency of atomic structure, preventing the supercooled
liquid from being in an unstable state. An important consequence of the abnormal orderly transformation is

the formation of nanoscale Al-rich regions in the supercooled liquid. These regions can readily promote the
precipitation of high-density face-centered cubic Al nanoparticles, thereby reducing the complete amorphization

ability of Al-based alloy melt.
DOI: 10.1103/PhysRevMaterials.4.093608

I. INTRODUCTION

A long-term challenge for Al-based metallic glass (MG) is
that its glass-forming ability (GFA) is very poor compared to
other family systems [1,2]. Over the past two or three decades,
materials scientists and physicists have dedicated themselves
to addressing this, arguably one of the most disturbing issues
in the field of MG, but they have never been able to get full un-
derstanding of the underlying mechanism. Lacking a complete
perspective of this problem makes it impossible for us to break
the size limit, and Al-based MG can be mostly obtained in
thin ribbons [3-8]. This makes Al-based MG, one of the most
promising new metal materials in engineering applications
[9-12], unable to give full potential to its advantages of light
weight and high strength [9,13-16].

Al-based MGs have several peculiar features that dis-
tinguish it from other systems. For instance, the best
glass-forming compositions are far off eutectic points for the
binary and ternary Al-based alloys that have been studied
so far, and the GFA is very sensitive to the alloy composi-
tion [17-20]. The composition of Al-based MG significantly
deviates from the Al-rich side although their compositional
feature meet the atomic size criteria employed for produc-
ing bulk MGs [21]. In addition, the minor addition of alloy
elements to improve GFA has little effect on most Al-based
MGs [22-24] and not all Al-based MGs have a discernible
glass transition signal [25-27]. A large number of studies
have manifested that the currently available knowledge can-
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not readily understand the GFA of Al-based alloy systems
[16,28-32], and the previous structural models and empirical
criteria for characterizing ordinary MGs do not always work
well for Al-based MGs [33-36], which gives rise to difficulty
in exploring Al-based bulk metallic glass (BMG) with en-
hanced GFA.

Rapidly quenched Al-based MGs are usually character-
ized by a primary crystallization reaction either annealing
the as-quenched Al-based amorphous alloys [27,37-40] or
by the direct solidification of the molten alloy at a cool-
ing rate lower than the critical cooling rate [41,42], which
produces a high density of face-centered cubic (FCC) Al
nanocrystals dispersed in the amorphous matrix. The inter-
metallic phases were, nevertheless, frequently precipitated as
the second phase, regardless of the thermodynamic driving
free energy for crystallization favors the Al-rich intermetallic
phase over the FCC-Al within the hypereutectic glass-forming
composition range [43]. It has been suggested that the super-
cooled liquid of Al-based alloy may undergo phase separation,
contributing to the subsequent heterogeneous nucleation of
the FCC-ALl at the interfaces between the phase separating
regions [44—46]. Others also argue that there already exists
pre-existing FCC-Al nuclei or medium range order in the as-
quenched glassy matrix, which simply grow during annealing
[38,47,48]. These are related to the two most popular mod-
els commonly used to discuss the experimental phenomena,
namely, “phase separation” and “quenched-in nuclei.”

The reason why the poor GFA of Al-based MG has not
been overcome until now is that both models only give the
apparent description of the experimental phenomena, and do
not well answer many essential questions, such as the origin
of phase separation in supercooled liquid, how the phase
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separation is related to a high nucleation rate, whether
nanoscale phase separation is common in Al-based glasses
and so on [45,49,50]. Finding the underlying mecha-
nism to explain the key experimental observations not
only contributes to the development of the novel amor-
phous/nanocrystal products, but also plays an important role
in revealing the glass formation and developing the manufac-
turing process of Al-based MG [51,52].

Given the phenomena observed from a large number of
experiments, we speculate that some sort of abnormal orderly
transformation (AOT) may occur in Al-based alloy during
rapid cooling. The aim of this work is to reveal the physical
nature behind the experimental phenomena and quantitatively
describe the special behavior of Al-based alloys in the super-
cooled liquid state. Here, we take the typical Al-Zr binary
system as a case study, in which four compounds were desig-
nated covering the compositions from Al-depleted to Al-rich
sides. In the Al-rich side, Al3Zr compound was deliberately
chosen, by considering that the Al content is typically lower
than that in the current Al-based MGs and the thermodynami-
cally favored phase is a compound rather than a solid solution.
Using this approach can largely avoid the peculiarity of case
study, and the conclusions drawn would be more universal.

II. METHODS

Classical molecular dynamics simulations are performed
using a large-scale atomic/molecular massively parallel ssim-
ulator (LAMMPS) [53]. To accurately describe the inter-
atomic interactions for both crystalline and amorphous states
in the Al-Zr system, the newly developed embedded atom
method (EAM) type of Al-Zr interatomic potential developed
by Sheng [54] was employed, which was obtained by fit-
ting the potential energy surface calculated by ab initio of
over 600 configurations, including crystalline phases, liquids
and MGs for several crucial structures respectively of Al;Zr,
AlZr, AlZr, AlsZry, Al3Zrs, AlZr,, and AlZr; compounds.
It has been carefully validated extensively by comparing ab
initio calculations with experimental data, and used to study
atomic structure of supercooled liquid and MGs [55,56]. The
simulations were performed on systems consisted of 12 168
atoms for AlZr;, 10 976 atoms for Al3;Zrs, 12 348 atoms for
AlyZrs, and 10 816 atoms for Al3Zr, respectively, by using an
isothermal-isobaric (NPT) ensemble and periodic boundary
condition in all three directions. In the calculations of liquid-
crystal coexistence model, the number of atoms is doubled.
The time step At is chosen as 2 fs (1fs = 10713 s), which
was proved to be small enough to achieve the convergence
of potential energy and characteristic structure. Two kinds
of simulation processes are designed respectively, namely,
continue cooling and periodic cooling.

In the simulation of continue cooling, each system is
heated up to 2000 K (much higher than melting point) and
run 1 x 10% timesteps to reach equilibrium, followed by the
cooling process at cooling rates of 8.5 x 109K s™!, 4.25 x
10K s, and 8.5 x 10° Ks!. In parallel to continue cool-
ing, a quench strategy that simulation time increase linearly
close to glass transition temperature (7,) was employed to
sampling trajectory for the calculation of thermodynamic and
kinetic properties from 2000 to 300 K. This takes places in

many discrete steps, which each contain a ramped tempera-
ture change from the last step and then a hold at a constant
temperature. The average cooling rate is 5 x 10K s~!, and
the relaxation time for each temperature is from 1 ns to 10 ns,
depending on the specific temperature. The last 2000 config-
urations are collected in each of certain sampling points for
kinetics analysis, and 2000 configurations by every step are
used for other analyses.

By constructing a two-phase model composed of crystal
and liquid with the same composition, it is possible to study
the evolution of the atomic structure of the supercooled liq-
uid under a stable crystal potential field, such as the growth
of crystal grains. The initial solid-liquid configurations are
constructed by conjoining the stable crystal along the in-plane
direction (001) and the liquid at their common cross-sections.
The long direction of the cell was chosen to be normal to the
solid-liquid interface and the in-plane dimensions were fixed
to have periodic lengths dictated by the equilibrium lattice
constant (at zero pressure) for the crystal. After the perfect
crystal cell was constructed, NPT ensemble dynamics was
used to melt the atoms in the range of three-quarter length
perpendicular to the interface at 2000 K. Subsequently, the
mixture of melt and frozen crystal with two interfaces was
cooled down continually to 300 K, during which the length
of the crystal was allowed to change to maintain zero normal
pressure.

To evaluate the relative growth rate of different crystals on
rapid cooling, the bond orientational order (BOO) parameter
developed by Steinhardt et al. [57] is introduced, which is
widely used to characterize the bond orientational symmetry
surrounding the specific atom [58]. The local structure of
particle i is characterized by the BOO parameters defined as
follows:

o 4r D
0i(i) = 2l—+1m:Z_I|Q,m(z>| : (1)
Zm lnjrlm;ﬁngi . [nil ,,iz ,,L]leleszzma
M= Y 10w @
where
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where, n(i) is the coordination number of particle i. ¥}, (r;;)
are spherical harmonics, where r;; represents a vector from
particle i to j, [ is an integer, and m goes from —/ to +/. In
general, BOO has good resolution only for the crystalline and
amorphous phases of a close-packed structure [59]. We found
that except for AlZr3, the BOO values of the compounds cover
a wide range, which easily overlaps with the BOO values of
the amorphous structure. To this end, we distinguish between
amorphous and crystalline structures by adjusting the com-
bined values of w, and wg in the BOO parameters.

As a key transport property, the shear viscosity describes
the macroscopic liquid state dynamics, and can be calculated
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by using the appropriate Green-Kubo (GK) relation [60]:
— V >
~ ksT Jo

where oy, is the off-diagonal x-y component of the stress
tensor, kg is the Boltzmann constant, 7" is the absolute tem-
perature of the system, and V is the volume of the metallic
liquid system. In the present work, the shear viscosity was
calculated at temperatures above T, by ~100 K from the simu-
lated data obtained during the cooling process under a cooling
rate of 5 x 10'° K s~!, and was fitted using the Vogel-Fulcher-
Tamman (VFT) relationship [61],

U d1(0y(0)0y (1)), “

B
n<T>=noV”exp(T_To), )

where ny'T, B, and the Vogel temperature T are fitting param-
eters. The resultant fragility is determined by fitting according
to the following expression:
d(logn)
")
T
Note that 7} here is a rheological definition based on a glass
transition temperature of a viscosity equal to 10'> Pa s, whose
value is generally consistent with the calorimetric 7, extracted
from the curve of temperature-dependent physical properties.
Considering that the composition of these alloys corre-
sponds to a single compound with the highest thermodynamic
stability, the Gibbs free energy of the corresponding com-
pound is then regarded as a reference state to evaluate the
thermodynamic driving force to transform the supercooled
liquid into the stable compound, which is defined as AG =
G' — G°. Here, G' is the Gibbs free energy of liquid in the
stable or metastable state, and G is the Gibbs free energy
of crystalline phase that is stable or metastable under random
equilibrium fluctuations at the given temperature and pressure.
The magnitude of AG determines the thermodynamic nature
of crystal nucleation and growth. Gibbs free energy combines
enthalpy and entropy into a single value: G = H — T'S, where
H is enthalpy and S is entropy of a certain system. The value
of H can be directly obtained from MD simulation. For a

metallic system, the integral entropy S©@ of alloys can be
defined as

(6)

T=T,

Stotal — Stotal 4 Sele 4 Sconf7 (7)

where SY® is the vibrational entropy, S° is the electronic
entropy, and S is the configurational entropy. The S
is calculated from two-phase thermodynamic (2PT) model
[62,63], in which the anharmonic effects in liquid are treated
by dividing the density of state distribution of component i,
D}(v), into solid-like Dj(v) and gas-like components Dig(v)
as a function of vibrational frequency v. The S°" of nonideal
system can be obtained by considering the chemical environ-
ment around different types of atoms [64]:

: kg u |: e Zicrfu
S(,onf = = Z.CAfAk1n<——' , (8)
Zi:l Z,'Ci j,kX::I J=1J] chjfjk

where the upper bound of each summation m depends on the
component number, Z; represents the coordination number of

ith atom, f;; is the fraction of coordination number of ith
atom with respect to jth atom, and ¢; is the concentration of
i species. In the present work, the contribution of $°¢ to 5!
is ignored, because the values of S°° in the crystal and liquid
states are close at a certain temperature and will cancel each
other out in the calculation.

To discuss topological and chemical ordering in the cur-
rent binary system, Bhatia-Thornton formalism is introduced.
Three partial pair-distribution functions (PDFs), namely, gnn,
gnc, and gcc, are, respectively, calculated for these four alloys
in various states. The definition is shown as follows [65]:

gNN = cilgAlAl(r) =+ c%rgzar(r) + 2CA]CngAer(r)’ (9)
gec(r) = carczelgaal(r) + gziz:(r) — 2gaizz(r)],  (10)

gne(r) = callgaial(r) — gaize(N)] — ¢z:[82:2:(r) — gaiz:(r)],
(1D

where ca; and ¢z represent the atomic fraction of Al and Zr,
respectively.

The general expression for the overall rate of crystal
growth can be written as [66]

CLD(T) —AG(T)
o e o))
o RT
where AG(T) is the bulk energy difference between the liquid
and crystal, R is the gas constant, and L is the lattice spacing
normal to the surface, which is 2.19 A, 1.36 A, 2.81 10\, and
1.99 A for AlZrs, Al3Zrs, AluZrs, and Al;Zr, respectively. o
is a reference particle diameter, determined by the position
of the first peak in the gnn(7). C is a constant related to the
structural and compositional difference between crystal and
supercooled liquid. According to the results of coordination
number (CN) and gnn(7), 2 and 1.5 are applied to AlZr; and
Als3Zr, respectively, and 1 is set for both Al;Zrs and AlyZrs.
D(T) is effective diffusion coefficient, calculated through
the equation as follows [67]:

u(T) = 12)

1

7
i

i x;D;

Degr =

13)

where D; represents Daj or Dz, x; is the molar fraction of Al
or Zr, and the parameter v; is the coefficient describing the
stoichiometric composition of the crystalline phase.

III. RESULTS
A. Structural transition in the supercooled liquid

Figure 1(a) and Fig. S1 of the Supplemental Material [68]
show the potential energy (PE) of AlZr;, AlsZrs, Al4Zrs, and
Al3Zr compounds as a function of temperature upon contin-
ued cooling. The cooling rates of 8.5 x 101K s~!, 4.25 x
10K s~!, and 8.5 x 10° Ks~! were applied from 2000 to
300 K. Glass transition is characterized by the crossover on
the PE curve. Whether or not there is orderly behavior can be
examined by the abrupt change in PE. From Fig. S1 of the
Supplemental Material [68], the AlZr;, Al3Zrs, and AlyZrs
compounds do not exhibit appreciable orderly behavior at
given cooling rates. The slight reduction in PE by slower
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FIG. 1. (a) Potential energy per atom during continue rapid cooling for Al;Zr. The cooling rates of 8.5 x 10K s™!, 4.25 x 10K s~!,
and 8.5 x 10° K's™! were used in the simulations. (b) Atomic number density distribution under the condition of stable crystal potential field
of Al;Zr at a cooling rate of 8.5 x 10'° K s~!. The snapshots are the solid-liquid model with close-packed plane constructed for Al;Zr in
the initial and final states, where the atoms are colored according to their respective BOO values. (c), (d) Temperature dependence of the
self-diffusion coefficient D of Al and Zr (c) and viscosity 1 as well as the inset fitting plot (d) in the supercooled liquid state for AlZr;, Al;Zrs,
AlyZrs, and Al;Zr, respectively. T, denotes the onset temperature of abnormal orderly transformation of Al;Zr.

cooling rates was generally resulted from more adequate re-
laxation of the amorphous structure [69]. In contrast, the PE
of Al3Zr compound appears to remarkably decrease at around
1050 K, which is suspected to have the characteristics of
orderly transformation. As the cooling rate decreases, this fea-
ture becomes more and more significant. Until this transition
is proven to be related to conventional crystallization, we will
temporarily call this behavior an AOT.

Figure 1(b) and Fig. S2 of the Supplemental Material [68]
show the atomic number density distribution and snapshots
of the solid-liquid model with close-packed plane constructed
for each compound in the initial and final states, where the
spheres represent the atoms colored according to their re-
spective BOO values. Here, we examine the growth rate of
crystals in a supercooled liquid with a continuous decrease in
temperature in the presence of stable crystal potential field.
By quenching at a rate of 8.5 x 10'° K s™!, the crystal growth
rates of the four compounds have shown distinguishability.
From the visual characterization, it can be observed that the
liquids of AlZr; and AlsZrs have been completely crystal-

lized, supported by that the degree of structural order obtained
is substantially the same as that of the stable crystalline phase.
In sharp contrast, the Al;Zrs liquid remains amorphous during
the entire cooling process, and few signs of orderly arrange-
ment of atoms were observed. The state of Al;Zr is between
AlZr; and AlsZrs, that is, the supercooled liquid is only par-
tially crystallized under the crystal potential field. The atomic
number density distribution confirms that the final atomic
distribution of AlZr; and AlsZrs have long-range order on
the both sides of the original interface, but the compositional
order in the final state is inconsistent to that of the stable crys-
tal to some extent, which means that the supercooled liquid
is transformed into metastable disordered crystal, rather than
stable ordered crystal. Similar phenomenon can be observed
in the crystalline part of AlsZr. This preferential precipitation
of metastable disordered crystals under rapid cooling condi-
tions can be easily explained kinetically, but only if there is a
possibility in thermodynamics. In Fig. 1(a), we have inserted
the change in the PE of Al;Zr with temperature in the crystal
potential field. Interestingly, the change in PE of the system,
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compared with the case where there is no crystal potential
field, becomes smoother with decreasing temperature, and no
obvious abrupt change is observed. In the final state, the PE
with a large number of crystalline structures is however higher
than the PE after AOT without a crystalline potential field.

B. Kinetic properties upon rapid cooling

Figures S3(a)-S3(d) of the Supplemental Material [68]
shows the log-log plot of mean squared displacement (MSD)
versus time for each composition from the supercooled state
to the glassy state. At high temperatures, the MSD of Al
and Zr atoms increases linearly over a long period of time,
and the slope enlarges with increasing temperature. When
the temperature drops below 950 K, the linear relationship
between time and MSD gradually disappears, indicating that
the long-range diffusion of atoms is suppressed. Based on
the MSD, self-diffusion coefficient D is calculated by using
Einstein’s relation at a long-time limit, D = lim,_, o, %,
where ((Ar)*(t)) represents the MSD. Figure 1(c) shows the
temperature dependence of the self-diffusion coefficients of
Al (Dpy) and Zr (Dyz) in the supercooled liquid state for
AlZrs3, AlsZrs, AlyZrs, and Al3Zr, respectively. To facilitate
visualization, the power law in mode-coupling theory [70]
was introduced to fit the data above T, which clarifies the dy-
namics region where the Stokes-Einstein relationship [71,72]
is violated. In the current system, this dynamic evolution is
intensified with the increase of Al content, but it does not
show a noticeable difference after the glass transition. We
note that D) and Dy, in the AlZr; supercooled liquid are ex-
tremely close, exhibiting strong cooperative motion of Al and
Zr atoms. This observation is inconsistent with many studies,
where smaller atoms were found to move more rapidly than
the larger atoms in both metallic liquids and glasses [73]. As
the Al concentration increases, Dx; and Dy, start to deviate
from each other by an increasing ratio of Da;/Dz;, which
indicates the dynamic decoupling between Al and Zr atoms
become more and more remarkable. In Al;Zr, Da; and D, do
not show significant kinetic inhibition when the AOT occurs,
and rather, maintain much higher values compared to other
compositions, which is particularly evident for Al species.

The fitting curves of viscosity are shown in the inset in
Fig. 1(d), and the parameters are summarized in Table S1
of the Supplemental Material [68]. Generally, strong liquids
with a smaller m exhibit smaller property changes during the
glass transition since they have a stable structure with a high
degree of short-range order [74]. However, fragile liquids with
larger m display dramatic changes in properties in the glass
transition range due to the lack of clear short-range order [75].
In the current system, the Al3Zr supercooled liquid has the
largest value of m. According to the physical meaning, the
local structural stability of AlsZr supercooled liquid should
be poor, which seems to echo the occurrence of AOT. From
the temperature dependence of n as shown in Fig. 1(d), AlsZr
supercooled liquid has significantly low 1 compared to other
liquids at each corresponding temperature. This characteristic
is consistent with the results of the temperature-dependent D.

The calculation results of the kinetic properties suggest
that Al atoms in the Al-rich supercooled liquid have strong
kinematic activity, and the impressive decoupling of D4 and

Dy, indicates that the solute atoms have extremely limited
inhibition of the movement of Al atoms. Whether the thermo-
dynamic properties of supercooled liquid of the Al-rich alloy
dominate this phenomenon is a question worthy of further
study.

C. Thermodynamic signal of AOT

Figures 2(a) and 2(b) show the difference in enthalpy AH
between the amorphous state and the stable crystalline or the
metastable crystalline state for AlZrs, AlsZrs, Al4Zrs, and
AlsZr, respectively. Glass transition temperature is derived
from the viscosity fitting. By comparison, the AH between
amorphous state and stable crystalline state for AlZr; and
AlsZr is significantly larger than that for Al;Zrs and Al4Zrs
in the supercooled liquid region. But this is obviously not
necessarily related to the subsequent evolution of supercooled
liquids. It is evident that glass transitions in AlZr3, AlsZrs,
AlyZrs occur through a signal that AH decreases smoothly
with decreasing temperature. In sharp contrast, a pronounced
drop in AH is observed for Al;Zr, of which the temperature
is well above T,. Therefore, some sort of orderly rather than
glass transition occurs in AlsZr supercooled liquid. Note that
the enthalpy of the transformation product, which can be
treated as the formation enthalpy when the number of atoms
for each species is equal, is markedly higher than that of
the stable crystal (~5.5kJmol~") and the metastable crystal
(~2.5kImol™"). From an energy point of view, the state
of the AOT should be between the original amorphous and
crystalline states.

Beyond the signal of phase transition provided by enthalpy,
the Gibbs free energy, which introduces the effect of entropy,
enable us to access the relative stability of competing phases
at finite temperatures. Figure S4 of the Supplemental Material
[68] plots the absolute vibrational entropy S as a function
of temperature. We found that at a temperature of ~200K
above Ty, there is a discontinuous change in the relationship
between S'° and temperature of the supercooled liquid. In
combination with mode-coupling theory, this sudden change
in $¥® can correspond to a kinetic transition from diffusion
to barrier hopping. Based on this clue, it appears that glass
transition has also taken place in the Al;Zr supercooled liquid
after AOT, which is highly surprising. In addition, the S*® of
Als3Zr liquid at high temperature is significantly higher than
that after AOT, which indicates that the AOT is a process that
greatly reduces the degree of disorder. Figures 2(c) and 2(d)
show the difference in Gibbs free energy AG between the
amorphous and crystalline states of AlZrs, AlsZrs, AlyZrs,
and AlsZr, respectively. As a whole, the change in AG of all
alloys with temperature is similar to the shape of a spoon, with
three different characteristic stages: AG linearly increases
with the increasing degree of supercooling, AG decreases
exponentially as it approaches T, and AG remains essentially
unchanged after glass transition. In the early stage of cooling,
AlZr; and AlyZrs have considerably larger AG than AlsZrs
and Al3Zr with reference to stable or metastable crystals.
This indicates that the thermodynamic driving force for phase
transition of AlZr; and Al4Zrs is much larger than that of
Al3Zrs and AlsZr. Obviously, the low S of Al4Zrs super-
cooled liquid (see Fig. S4(c) of the Supplemental Material
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FIG. 2. (a) Difference in enthalpy AH®""~°er between amorphous and stable crystalline states. (b) Difference in enthalpy A Hmor—disorder
between amorphous and metastable crystalline states. (c) Difference in Gibbs free energy AH*™ T hetween amorphous and stable
crystalline states. (d) Difference in Gibbs free energy AH™o—disorder hetween amorphous and metastable crystalline states. The temperatures
shown in the figure are 7, defined by the glass transition temperature of a viscosity equal to 10'? Pa - s, and 7, denotes the onset temperature of
AOT in Al3Zr supercooled liquid. The open symbols with dashed line represent a low-temperature epitaxy on the AG of the system without

AOT.

[68]) reduces its stability relative to the corresponding crystal
structure, although it has the lowest H [see Figs. 2(a) and 2(b)]
at high temperature. Again, we detected the abnormality in
the AG of Al;Zr alloy. It can be seen that when the system is
in a supercooled state, AG has predictable low value due to
the contribution of high S, which results in a smaller driving
force for the phase transition to the AlsZr compound. After
AQT, compared with other alloys in the same state, the value
of AG further increases by a larger amplitude. Although the
formation enthalpy of the system is reduced during the AOT,
the S of the orderly product is small relative to the crystal.
Only after the end of the transition does the driving force for
the phase transition return to a relatively low value. This result
confirms that even if some orderly transformation occurs in
the supercooled liquid of Al3Zr, the product is essentially
different from the stable or metastable crystal. In addition, we
performed low-temperature epitaxy on the AG of the system
based on the H and S of the high-temperature transition. It is
found that if there is no AOT, the AG of the system will be

much higher than the current value [dashed line in Figs. 2(c)
and 2(d)], which proves that the AOT has played a positive
role in reducing the free energy of the system.

D. Evolution of characteristic atomic structure during AOT

To clarify the structural correlation of thermodynamic and
kinetic properties, we then compare the cluster packing effi-
ciency (CPE), pair-distribution function (PDF), and CN of the
supercooled liquid, glass, and crystalline states of these four
compounds.

The CPE in this work is defined as the ratio of the
atomic volume [76] based on RDF to the volume of the
Voronoi mosaic cell (see details in Ref. [77]). Figure 3(a) and
Fig. S5 of the Supplemental Material [68] illustrate the tem-
perature dependence of CPE for AlZr;, AlsZrs, Al4Zrs, and
AlsZr, respectively. For comparison, the average CPE of
the amorphous structure, the stable crystalline structure, and
the metastable crystalline structure are respectively shown in
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FIG. 3. (a) Temperature dependence of CPE of each species in the amorphous, stable crystalline, and metastable crystalline states of Al;Zr.
(b)—(f) gnn(r) (b), gz:z:(r) (), CN (d), gce(r) (e), and gne(r) (f) as a function of temperature for Al;Zr in the amorphous (orange color system),
stable crystalline (green color system), and the metastable crystalline (blue color system) states. The direction of the arrow in gyn(r) indicates
the trend of the average atomic distance in each shell as the temperature decreases.

Figs. S5(a) and S5(b) of the Supplemental Material [68]. It is
evident from AlZr3, Al3Zrs, and Al4Zrs that the CPE basically
increases with the increasing Al content in the amorphous
state. According to this rule, Al3Zr should have a considerably
high CPE in the supercooled liquid state. However, the actual
situation has greatly deviated from expectations. We found
that the CPE of Al3Zr is far lower than expected value in the

supercooled liquid state, and only sharply rise to a reasonable
level after the occurrence of AOT. By analyzing the CPE
of each species (see Figs. S5(c)-S5(e) of the Supplemental
Material [68]), we know that for Al-depleted AlZr;, AlsZrs,
and AlyZrs, the CPE in the amorphous state is between sta-
ble or metastable crystalline states, and the CPEs of Al and
Zr species are close in value. When the Al concentration is
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increased to the alloy composition of Al;Zr, the CPE of both
species in the supercooled liquid is smaller than that of the
stable or metastable crystal. After AOT, the CPE of Al species
rather than Zr species increased sharply until it reached a
normal value.

Figure 3(b) and Fig. S6 of the Supplemental Material [68]
show the gnn(r) as a function of temperature for AlZrs,
AlsZrs, AlyZrs, and AlsZr, respectively. The peaks in gnn(7)
correspond to interatomic distances in the range of 2 to 10 A.
It can be seen that when the four alloys are in the amorphous
state, only the first and the third peaks move toward the
increasing direction of r as the temperature decreases, and
the remaining peaks move toward the direction to which r
decreases. From this point of view, the change in gNN () of
Al 3Zr with temperature conforms to the characteristics of the
amorphous structure. Moreover, the amorphous nature of the
AlsZr supercooled liquid become more prominent after AOT,
that is, the splitting of the second peak is more notable. The
position of the first peak continues to shift in the direction
of increasing r. Figures S7-S9 of the Supplemental Material
[68] provide gaiai(r), gaiz:(r), and gzz: (r) for AlZr3, Al3Zrs,
Al4Zrs, and Al3Zr as a function of temperature. We can see
that the g;;(r) of these alloys in the supercooled liquid state
show typical amorphous characteristics, including gajai(r)
and gaiz:(r) of Al3Zr. These characteristics is hardly affected
by differences in crystal structure. After AOT, the amorphous
characteristics of gajai(7) and gajz(r) of Al3Zr appear to be
more prominent, without any sign of transition to the crystal
structure. However, it is also found that the amorphous fea-
tures of gzz:(r) of Al3Zr in the supercooled liquid are not
obvious [see Fig. 3(c)]. Instead, after AOT, the second peak of
the gz:7: () shows slight split, which is even greater than other
alloy compositions.

Further analysis was performed to obtain CN by g;;(r) in-
tegral, as shown in Fig. 3(d) and Fig. S10 of the Supplemental
Material [68]. Obviously, the CN of the metastable crystalline
structure is always closer to the amorphous structure than that
of the stable crystalline structure. It is not difficult to un-
derstand that under rapid cooling condition, the supercooled
liquid is more likely to meet the compositional requirements
of the metastable structure, which is especially evident in
the Al-Al atomic pair. Similar to AlZrs; and Al4Zrs, in the
amorphous state, the local composition of Al3Zr is basically
close to the corresponding crystalline state, and as a whole,
there is no systematic deviation. An unusual point is that the
CN of Zr-Al atomic pair changes significantly before and after
AOT, and the average number of Al atoms around each Zr
atom increases dramatically. Compared with other data, this
should not be a single structural relaxation process caused by
temperature decrease, but more like structural optimization.

The comparison of Bhatia-Thornton partial distribution
function gcc(r) among stable ordered crystal, metastable dis-
ordered crystal, and amorphism for these four compounds are
shown in Fig. 3(e) and Fig. S11 of the Supplemental Material
[68]. In the amorphous state, the positions of the characteristic
peaks of the four alloys in gcc(r) are basically identical but
different in intensity. The peaks in gcc(r) reflect correlation
between like chemical species as a function of distance, while
troughs reflect cross correlation between unlike species. Ac-
cording to g;;(r), the small peak at ~2.5-2.6 A relates to the

Al-Al bonding interaction, while the sharp trough at around
3.0 A reflects the strong correlation of Al-Zr pair. In the
medium range, small troughs at ~5.0 A and ~6.0 A are fea-
tured by unlike species, and the peak between them represents
Zr species. From Fig. 3(e) and Fig. S11 of the Supplemental
Material [68], the local composition of supercooled liquids
and their respective crystals has a strong correlation within
the nearest atomic neighbors, but this correlation becomes less
significant beyond the next-nearest atomic neighbors. There
is no essential difference between Al-rich and Al-depleted
alloys. We noticed that, compared with other compositions,
the order of local composition in Al3Zr supercooled liquid
increases rapidly with decreasing temperature. Especially af-
ter AOT, this local compositional ordering has been greatly
strengthened in the medium range. However, the peak position
is still far from the characteristic peak of the corresponding
crystalline structure, and thus, it is more like an enhanced
amorphous structure.

Figure 3(f) and Fig. S12 of the Supplemental Material
[68] show the comparison of gnc(r) for these compounds
in various states. It is interesting to note that the profile of
gnc(r) for Al-depleted compounds show little difference in
the amorphous state, although AlZr; and AlsZrs differ greatly
in the ratio of Al and Zr species. The positive peaks at
~2.7-2.8 Ain gne(r) of AlZrs, AlsZrs, and AlyZrs indicate
that the atomic density around Al atoms is higher than that
around Zr atoms at this distance. A negative peak at ~3.4 A
means that there are more atoms around Zr atoms than Al
atoms. Similarly, the next positive and negative peaks repeat
this manner at ~4.75 A and ~5.5A, respectively. In sharp
contrast, the gnc(r) of the Al-rich compounds Al;Zr exhibits
completely opposite profiles, indicating a fundamental change
in the way of atomic close-packing. If we simply treat a small
number of atoms as solute, the atomic packing manner of
this binary system basically conforms to the solute-centered
cluster structure model [28,78]. From the calculation results of
gnc(r), we also observe the nonlinear dependence of atomic
close-packing on temperature in the supercooled liquid of
Al-rich AlzZr. After AOT, the original atomic close-packing
manner has not changed, but has been greatly strengthened. In
other words, while the supercooled liquid remains amorphous,
the number of atoms around the Al and Zr atoms increases
significantly.

IV. DISUSSIONS
A. Enhanced compositional heterogeneity by AOT

Evidences from thermodynamic property, kinetics prop-
erty, and atomic structure have strongly suggested that under
the condition of rapid cooling, the Al-rich alloy Al;Zr defi-
nitely undergo AOT, which further distances the supercooled
liquid from its crystalline counterpart and evolves into a
more typical amorphous state. Before clarifying the physi-
cal nature of this phenomenon and its impact on subsequent
phase transition paths, we first outline the main character-
istics of AOT based on available information: (1) with the
corresponding crystalline phase as the reference state, the
mixed H of the supercooled liquid is greatly reduced. Al-
though S*I® and S°°™ become smaller, the Gibbs free energy of
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supercooled liquid still decreases as a whole; (2) the diffusion
coefficient D before and after AOT still follow the power
law, and the dynamic characteristics have not fundamentally
changed, that is, the system is still in a supercooled liquid state
instead of a solid state; (3) in the short and medium range, the
order of the composition and structure as well as the atomic
packing density have been greatly improved. This ordered and
densified product is not related to the corresponding stable or
metastable crystal, and instead, retains the characteristics of
the amorphous structure.

The simulation results of grain growth and continuous
cooling highlight the contradiction between the stable or
metastable crystal and the product of AOT. Under the cor-
responding stable crystal potential field, the crystallization
rate of AlsZr supercooled liquid is not fast compared with
AlZr; and Al4Zrs. In the absence of a crystal potential field,
the AlsZr supercooled liquid can readily undergo an or-
derly transformation. By combining the results of Figs. 1(a)
and 2(a), if a stable crystal potential field exists, then the
AQOT in the Al3Zr supercooled liquid is suppressed, which
is supported by the fact that the atomic potential energy
of the crystalline/amorphous state is higher than that of the
completely amorphous state at the same cooling rate. These
phenomena seem to deviate severely from the classical theory.

To prove this deviation, we use the data obtained in this
work to theoretically evaluate the crystal growth rate within
the framework of classical nucleation theory (CNT). The re-
sults are shown in Fig. S13 of the Supplemental Material
[68], including the cases of stable ordered and metastable
disordered crystals. Intriguingly, for Al-depleted compounds,
i.e., AlZrs, AlsZrs, and AlsZrs, the theoretical grain growth
rate is fully consistent with the results observed in practice
(see Fig. 1(b) and Fig. S2 of the Supplemental Material [68]).
For the Al-rich compound Al;Zr, the predicted value greatly
overestimates the observed grain growth rate. Considering
that the grain growth rate is a physical quantity related to
the properties of both the crystal and the liquid, when the
structure and properties of the crystal are specific, the origin
of this large deviation can only come from liquid. That is, the
structure and properties of the supercooled liquid obtained
under rapid cooling conditions may have deviated severely
from those of the homogeneous solution having the same
composition.

To gain a deeper understanding of this phenomenon, we
can start with the composition and structure of the local
atomic clusters. On the one hand, if large-scale compositional
heterogeneity occurs in the system, then the composition
of each microdomain deviates from that of the original
compound. In this case, the crystal potential field cannot ef-
fectively guide the orderly arrangement of nearby atoms in the
supercooled liquid, but time-consuming composition fluctua-
tions must be performed first, which will cause the growth rate
of the compound grains to decrease. On the other hand, if the
local atomic clusters characterized by spatial topology after
AOT are fundamentally different from the corresponding crys-
talline structure, then the crystal potential field and AOT will
also tend to form competition, thereby hindering the growth
of the corresponding stable or metastable crystals. To verify
these hypotheses, we introduced the concept of Al medium-
range cluster (MRC), which depicts the size and number of

@ 5000

AlZr, (1000K) ALZr, (1000 K)

4500 4 .

Number of atoms

FIG. 4. (a) Distribution of the number and size of Al clusters
for these alloys in the supercooled liquid state. The data of Al;Zr
at 1100 K and 1000 K are given to examine the changes before
and after AOT. MRCs are identified by the rainbow color system
according to the size from the largest MRC to the smallest MRC
in ascending order, in which blue presents the smallest one and
red the largest one. (b) Projections of Al MRC on the x-y plane at
1600 K, 1200K, 1100K, and 1000 K, respectively, for Al;Zr. The
value at each coordinate equals to the average cluster identification
number corresponding from the largest MRC to the smallest MRC in
ascending order along the z direction. Al atoms are colored according
to the MRC to which they belong.

Al atoms that form a network structure in real space. Based
on the average interatomic distance of Al, the cutoff radius
was set to 2.7 A. Figure 4(a) shows the distribution of the
number and size of Al clusters in real space for these alloys
in the supercooled liquid state. For Al;Zr, the data at 1100
and 1000 K are presented to check the changes before and
after AOT. From Fig. 4(a), the size of each Al MRC in the
supercooled liquid of Al-depleted alloys is on the same order
of magnitude, and the number of Al atoms contained in the
largest MRC is comparable. For Al-rich AlsZr, the number of
atoms in the largest Al MRC increases sharply to 4733. After
AOT, this number even increases to 5942, and what remain
are a large number of tiny Al clusters separated from each
other. Obviously, AOT changes the distribution of Al atoms in
the supercooled liquid and enhances the heterogeneity of the
composition. To facilitate the observation of the evolution of
Al MRC in the supercooled liquid, we plotted the projections
of Al MRC on the x-y plane at 1600K, 1200K, 1100 K, and
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FIG. 5. (a), (b) Number of maximum face order (maximum value of i for non-zero n in n;) (a) and number of pentagonal faces (n5) (b) of
AlZr;, AlsZrs, Al4Zrs, and AlsZr, respectively, in the supercooled liquid state. The data after AOT for Al;Zr is shaded. The arrow indicates
the changing trend of each data when the Al content is less than 75%. (c), (d) Al-centered or Zr-centered VP (0, 0, 12, 0) (c) and Al-centered

or Zr-centered VP (0, 0, 12, 4) (d) in Al;Zr after AOT.

1000 K, respectively, as seen in Fig. 4(b). The results prove
that the heterogeneity of the components is common in Al-
rich supercooled liquid, and the AOT further enhances this
heterogeneity, which is consistent with the statistical results in
gcc(r) [see Fig. 3(e)]. Since it is uncertain whether the liquid
structure before and after AOT remains the same, strictly
speaking, this phenomenon may not be defined as the phase
separation mentioned in the experimental works [44,46,79—
81]. In any case, the heterogeneity of the components in the
AlsZr supercooled liquid enhanced by AOT is the reason why
the grain growth rate of the stable compound is much lower
than the theoretical prediction.

B. Origin of AOT in the Al-rich side upon rapid cooling

To define the AOT in essence, in addition to the composi-
tion, changes in the atomic structure must be quantified. In
this work, Voronoi polyhedral (VP) index [77] denoted by
(n3, n4, ns, ng, ..., n;, ...), where n; represents the number
of i-edge polygons, was introduced to analyze the change
in the amorphous atomic structure. In the present work, the
quartet notation (n3, ng, ns, ng) is used to describe the atomic
structure. Figures 5(a) and 5(b) show the feature of atomic
structure of AlZrs, AlsZrs, AlsZrs, and AlsZr in the super-
cooled liquid state, by taking the number of maximum face
order (maximum value of i for nonzero » in n;) and the number
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of pentagonal faces (ns) as indicators. It is clear from the his-
togram that when the Al-depleted alloy is in the supercooled
liquid state, the characteristics of the amorphous atomic struc-
ture and the Al content have a monotonic correlation. When
the Al content is increased until the alloy is in an Al-rich
state, this monotonicity is completely destroyed. It can be seen
that before AOT, the number of pentagons of atomic structure
in the supercooled liquid is reduced, while the proportions
of heptagons and octagons increase largely. Combined with
the information provided by this work, these heptagons and
octagons appearing in large numbers in supercooled liquid
have caused two serious consequences. One is excessively
high AH [see Figs. 2(a) and 2(b)], and the other is extremely
low CPE [see Fig. 3(a)]. To our surprise, after AOT, these
unfavorable situations have undergone fundamental changes.
It can be seen that the proportions of various polygons have
undergone major adjustments. A large number of heptagon
and octagon have disappeared and replaced by pentagons
and a small number of hexagons. Based on the composition
dependence of the number of polygons, AOT seems to be
bringing the system back to a reasonable state. Figure 5(b)
specifically shows the number of pentagons in each VP. An
energetically stable VP in the supercooled liquid generally
has more than 10 pentagons, e.g., (0, 0, 12, 0), (0, 1, 10, 2),
(0,0, 12, 2), (0,0, 12, 3), and (0, 0, 12, 4), depending on the
size ratio of the atoms [82,83]. Obviously, in the supercooled
liquid of Al3Zr before AOT, a large number of Voronoi poly-
hedrons with pentagon numbers less than 9 initially exists.
As mentioned earlier, this violates the monotonic correlation
between the number of pentagons and the composition of
alloy. After AOT, the number of VPs with more than 9 pen-
tagons increased dramatically, and stable icosahedral clusters
characterized by 12 pentagons finally dominate the atomic
structure of the supercooled liquid. This plays a key role in
improving the stability of the supercooled liquid, which is
mainly reflected in the greatly reduced AH [see Figs. 2(a) and
2(b)] and the improved CPE (see Fig. 3(a) and Figs. S5(a) and
S5(b) of the Supplemental Material [68]). A slightly decrease
in S does not prevent the reduction of the AG [see Figs. 2(c)
and 2(d)].

The correlation between local composition and struc-
ture is an important physical origin that determines the
properties and heterogeneity of supercooled liquids. By con-
sidering the CN of the species [see Fig. 3(d)], we specified
VPs (0,0, 12, 0) (Icosahedral cluster or ICO for short) and
(0,0, 12, 4), the two most stable and highest proportions of
the characteristic polyhedrons to characterize the microstruc-
ture of an Al-rich supercooled liquid. The results are shown in
Figs. 5(c) and 5(d). Interestingly, all stable ICOs are centered
on Al atoms and exhibit significant enrichment. And almost
all stable VP (0,0, 12, 4) are centered on Zr atoms and at-
tached to the enriched region of the ICO. To be sure, these rich
ICO and VP (0, 0, 12, 4) solvent-solute regions play a positive
role in reducing G and increasing CPE of the system. This
special local atomic structure with obvious compositional dif-
ferences was not found in Al-depleted alloys, including AlZr3
which has the same atomic ratio as Al;Zr (see Figs. S14(a),
S14(c), and S14(e) of the Supplemental Material [68]).

At this point, we first give a general overview of the process
and causes of AOT in Al-rich supercooled liquid. When the

supercooled liquid is at a higher temperature, the S term in
G that determines the stability of system dominates. Increas-
ing the disorder of the atomic vibration and arrangement is
beneficial to maintaining the stability of the liquid. However,
blindly increasing the disorder cause a large number of ther-
mally unfavorable local atomic clusters in the supercooled
liquid, which are specifically manifested as low CPE and high
AH. This is determined by the inherent properties of alloying
elements. When the temperature drops rapidly, the positive
effect of the S term in G decreases sharply, while the negative
effect of the H term becomes crucial. To further reduce G
to improve stability, the supercooled liquid in an unstable
state will first adjust itself to a more stable state rather than
crystallize into a stable compound, which follows Ostwald’s
step rule. Unfortunately, in the current state where Al and
Zr atoms are completely randomly mixed, it is impossible
to reduce AH or improve CPE by directly rearranging lo-
cal atoms. To this end, the supercooled liquid preferentially
adjusts the local composition, thereby forming nanoscale
reformed Al-rich and Al-depleted regions. This adjustment
enables local atomic clusters to undergo stabilizing transitions
and improve cluster packing efficiency, thereby reducing G
of the entire system. In this case, the considerable diffusion
coefficient and dynamic decoupling in Al-rich supercooled
liquid [see Fig. 1(c)] do not play a positive role in the nu-
cleation and growth of the crystal grains of stable compound,
but greatly promotes the stabilization process of supercooled
liquid.

AQT is a thermodynamic behavior of an Al-rich super-
cooled liquid to maintain its stability under rapid cooling
conditions. Whether the supercooled liquid after AOT con-
tributes to subsequent glass transition depends mainly on the
type and distribution of the local atomic clusters generated.
Previous studies have shown that crystal nucleation begins
with the formation of MRC, rather than short-range cluster
(SRC) with structures similar to subsequent nucleated crys-
tals [84,85]. Local aggregation of ICO and ICO-like (VPs
(0,2, 8,2) and (0, 1, 10, 2)) clusters in supercooled liquid can
effectively promote the formation of new nuclei [86]. Experi-
mental results further confirm that FCC crystals can be formed
in supercooled liquids by heteroepitaxial growth from an ICO
quasicrystals template [87,88]. This process will be completed
at a very fast rate particularly in a single-component or near-
one-component system, showing extremely poor GFA [89].
The reformed Al-rich region resulted from AOT has a feature
similar to a single-component system. If there are a large
number of ICO/ICO-like MRCs in the Al-rich region, these
MRCs can well serve as precursors of the FCC-Al nuclei,
which are readily transformed to FCC-Al during cooling, or
precipitated FCC-Al nanocrystals by heating treatment in a
nondiffusive manner.

Figure 6(a) depicts the evolution of Al-centered ICO
MRC:s of the Al3Zr supercooled liquid quenched to 1000 K.
We assume that ICO MRCs with central atoms less than 50
are difficult to serve as precursors of the FCC-Al nuclei.
They are considered as isolated clusters and shown in blue.
Otherwise, ICO MRC:s of different sizes are marked by rain-
bow color scheme. Note that only the central atoms of each
ICO but ICO-like (~20% in each MRCs) are presented in
Fig. 6(a), and thus the actual size of the ICO/ICO-like MRCs
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FIG. 6. (a) Distribution of Al-centered ICO MRCs as simulation time increases in the supercooled liquid of Al;Zr rapidly queched to
1000 K, where the AOT occurs. The different ICO MRCs with central atoms more than 50 are marked by rainbow color scheme except for
blue, which represents the isolated clusters. (b) Scheme of transformation from each ICO unit in the ICO MRC to FCC-Al cluster or nucleation

in a possible easy way.

should be larger than the size shown. Obviously, with the
progress of AOT, the number and size of ICO MRCs that
potentially server as precursors of FCC-Al nuclei constantly
increase and dispersed in supercooled liquid. Moreover, the
stable Zr-centered VPs (0, 0, 12, 4) are distributed mainly on
the edge of Al-centered ICO and ICO-like MRCs, which can
effectively prevent the rapid growth of FCC-Al nanocrystals
[90,91]. These are essentially in line with our hypothesis that
the consequence of AOT is to make the supercooled form a
microstructure, which is quite favorable for the precipitation
of dispersed FCC-Al nanocrystal nuclei in the amorphous
matrix [a scheme of transformation from each ICO unit in the
ICO MRC to FCC-AI cluster or nucleation in a possible easy
way is shown in Fig. 6(b)]. This phenomenon can be hardly
observed in the supercooled liquid of Al-depleted alloys (see

Figs. S14(b), S14(d), and S14(f) of the Supplemental Material
[68]).

All these observations and findings are enough to give us
some insights. If the supercooled liquid obtained by rapid
cooling is regarded as a solid solution matrix and unstable
low-density clusters are considered as point defects containing
voids, the process of the solvent or solute atoms diffusing into
the defective regions and precipitating the stabilized MRCs
is exactly equivalent to the formation of the Guinier-Preston
zone in Al-based alloy. Therefore, the AOT in supercooled
liquid that includes two basic stages of directional diffusion
and stabilization of defect clusters can be well compared to
the aging process of Al-based solid solution after quenching.
We believe that the AOT of Al-based alloy melts in the su-
percooled state make the complete amorphization ability of
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Al-based melts significantly poorer than that of other alloy
systems such as Fe-based alloys, which can effectively control
the local ordered structure in the supercooled liquid through
alloying [92].

In view of the characteristics of AOT, the preparation of
Al-based BMG by the conventional melt quenching method
seems mechanically unfeasible, that is, it is difficult to simul-
taneously meet the requirements of both the cooling rate and
the stability of the amorphous structure. In addition, the AOT
causes the microstructure and properties of the supercooled
liquid to deviate greatly from the initial state, which means
that the traditional BMG composition design methods to de-
termine the composition range of Al-based BMG are likely to
fail. From the mechanism of AOT, the close-packing principle
can more effectively evaluate the GFA of Al-based alloys,
thereby guiding the composition design of high-strength FCC-
Al/amorphous dual-phase nanomaterials.

V. CONCLUSIONS

We use molecular dynamics simulation technique to study
the evolution of atomic structure of Al-Zr alloy in super-
cooled liquid state under rapid cooling conditions. Through
the quantitative characterization of the thermodynamic prop-
erties, kinetic properties and atomic structure of Al-Zr alloys

with different compositions from the Al-depleted side to the
Al-rich side, we found that the Al-rich supercooled liquid,
i.e., Al3Zr in this work, has a much lower cluster packing
efficiency and high Gibbs free energy than Al-depleted ones,
causing the Al;Zr supercooled liquid to be in an unstable state.
To keep the system in a thermodynamically stable state, an
abnormal orderly transformation featured by two stages of
directional diffusion and stabilization of defect clusters takes
place in the Al;Zr supercooled liquid. In this way, the clus-
ter packing efficiency in nanoscale reformed Al-rich region
substantially increases, by which the Gibbs free energy of the
entire system is reduced to a relatively low level. However, the
reformed Al-rich region by abnormal orderly transformation
is structurally helpful in promoting the precipitation of dis-
persed FCC-AI nanocrystal nuclei in the amorphous matrix,
which contributed to the poor complete amorphization ability
of Al-based melts compared to other systems.
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